A method for visualizing RNA-DNA duplex regions along a single strand of DNA in the electron microscope is described. A preparation of RNA molecules is hybridized to a long DNA strand containing the coding sequences (genes) for some of the RNAs. T4 gene 32 protein, which binds selectively and cooperatively only to the single-strand regions, is added, followed by glutaraldehyde. The resulting nucleic acid-gene 32 complex is adsorbed to the surface of an electron microscope grid in the presence of ethidium bromide. The single-strand regions are relatively thick (8.5 nm) compared to the duplex (RNA-DNA hybrid) regions (3.5 nm), so tha the two kinds of regions are readily recognized by electron microscopy. In favorable cases, tRNA*DNA hybrids of length about 80 nucleotide pairs can be recognized (although with difficulty). The positions of a number of interesting genetic sequences on the DNA of the transducing phage O80d3ilvsu+7 have been mapped. The r strand contains 16S, 23S, and 5S rRNA coding sequences in that order. The spacer between 16S and 23S genes has a length of 500 nucleotides and contains the coding sequence for a tRNA2GlU gene in agreement with previous biochemical observations. The spacer between the 23S and 5S genes has a length of 180 nucleotides. The su+7 tRNATrP coding sequence has been mapped on the 1 strand at a position just to the left of the ilv genes. Secondary structure loops due to short inverted repeat sequences flanking the 16S, 23S, tRNATrP, and F sequences in the DNA have been observed. 
The position on a DNA strand of a sequence (gene) coding for the synthesis of a particular RNA molecule can be mapped by hybridizing the RNA to the DNA strand in vitro and observing the position of this duplex region along the single strand of DNA by electron microscopy. In the standard cytochrome c spreading method, duplex regions are thicker and smoother than single strands; the position of a junction between a single strand and a DNA-DNA duplex region can be recognized and mapped fairly confidently provided the respective segments are at least about 500 nucleotides long. The contrast between RNA-DNA hybrids and DNA single strands is not as good; however, in favorable cases mapping is possible but difficult (1) (2) (3) .
T4 gene 32 protein binds selectively and cooperatively to single-stranded polynucleotides. In formamide cytochrome c spreads the single-strand DNA-gene 32 protein complex is thicker than duplex DNA, but discrimination is still difficult (4) . Koller Single-stranded DNA for electron microscopy was prepared by alkaline lysis of the phage in 0.1 M NaOH after a preincubation with neutral Na3 EDTA as described (3, 6) . 080psu'3/080 heteroduplexes were prepared as described (6) . RNA short duplex segment (indicated by an arrow and tTyr) with a measured length of 85 + 10 nucleotides, corresponding to the tRNA-DNA hybrid region. This duplex region was seen at the high frequency of 24 out of 50 heteroduplexes (theory for 100% reaction, 25/50) and at the expected position (6) (Fig. 3b) . The spacer between the 23S and 5S genes has a length of 0.18 + 0.02 kilobase.
Since the order of transcription of the rRNA genes is 16S, 23S, and 5S (7), we may identify the strand carrying their coding sequences as the r strand of 080d3ilv. We can identify the r strand and the 1 strand most of the time, because the former has 16S and/or 23S rRNA hybridized to it in all of our grids. We find that the su+7 tRNATrP coding sequence Cell-Biology: Wu Fig. 2 . The uncertainty in this number and the uncertainty as to the left terminus of the ilv ADE operon (3, 9) is such that the tRNATrP gene is either just to the left of the ily genes or embedded in them (the former being the more plausible alternative). The order of transcription of ilv ADE is to the left (10); our physical mapping implies that the tRNATrP gene is also transcribed leftward. There are several lines of evidence for our assignment of the position of the tRNATrP gene. There is a small secondary structure loop fairly frequently seen at the position now assigned to tRNATrP on both the r and the I strands (the tTrp loop, Fig. Sa) . When purified tRNATrP is added to the hybridization mixture this loop is not seen on the I strands. Instead, a short double-strand region (93 -26 nucleotides) is seen at the same position ( Fig. 4a and b) ; a larger secondary structure loop to the left of this duplex region is then frequently present (Fig. 4c) . Thus, the DNA sequences for tRNATrP seem to be involved in the small secondary structure loop denoted as tTrp in Figs. 2 and 3a ; when they are hybridized to tRNATrP, the flanking sequences can interact with other sequences to form a different secondary structure loop. Secondary structure features associated with unhybridized tRNA genes have been seen previously (11) .
We have looked carefully at both strands after hybridizing whole E. colh tRNA to the DNA. The tRNA2GIu hybrid is seen at a frequency of about 80%; the tRNATrP hybrid is seen at the rather low frequency of about 20%. No other tRNA genes were identified. With the purified tRNATrP, the hybrid region was seen on 50% of the I strands.
Interesting secondary structure loops are also seen at the positions of the 16S rRNA and 23S rRNA genes on the I strand at frequencies of 65 and 45%, respectively (Fig. 4a) . We presume, but do not know, that the same loops would be seen in the r strand in the absence of added 16S and 23S rRNA. The 16S rRNA secondary structure loop is sometimes seen on the r strands even when a 16S rRNA-DNA duplex region is present (Fig. Se) ; this suggests that the inverted repeat sequences that pair to form the loop lie partly or totally outside of the sequences that make up the mature 16S rRNA. These inverted repeat sequences flanking the rRNA genes may be important for the processing by RNase III of pre-rRNA transcripts (12) .
FURTHER DISCUSSION
We think it is obvious from the micrographs shown that the method described here is an improvement over the cytochrome c method for visualizing and mapping RNA-DNA hybrid regions on a single strand of DNA. The identification of long duplex regions such as those for the 16S and 23S rRNA genes is very easy and certain. The duplex regions for the several tRNA and the 5SrRNA-DNA hybrids are short and rather difficult to see. In the present case, with sufficient background information about the genes present and with the perhaps fortuitous circumstances that some secondary structure features are present as nearby reference marks or as features which disappear when the hybrids are formed, the 5S and tRNA genes could be positively identified and mapped. It may be that for some difficult and complicated problems with less prior information, a technique that combines the present gene 32 protein staining and mounting method with a method for attaching a suitable electron microscope label to the short RNA will be needed for positive identification of short genes.
Note Added in Proof. In a recent paper, Brock et al. (13) 
